
 

 

Summited via email 

 

April 3, 2017 

 

Jill Fullagar 

Impaired Waters Coordinator Watershed Unit,  

Office of Water and Watersheds US EPA, Region 10  

1200 Sixth Avenue, Suite 900 (OWW-192)  

Seattle, WA 98101-3140 

Email: fullagar.jill@epa.gov 

 

Re: Request for Public Comment on Ocean Acidification Impacts in Oregon Marine Waters  

 

Dear Jill Fullagar, 

 

On behalf of the Center for Biological Diversity (The Center), I submit this letter regarding a 

request for public comments on data and information of ocean acidification impacts in Oregon’s 

marine waters. In previous comments, the Center has provided significant information and 

supporting materials about the impacts of ocean acidification in Oregon’s marine waters.  As 

shown in the record for the proposed additions of the 2010 integrated report, on June 10, 2009, 

the Center submitted comments and scientific information requesting that EPA include coastal 

waters as impaired on Oregon’s 303(d) list. On December 6, 2010, May 2, 2011, April 18, 2012, 

June 20, 2012, and in 2014, the Center submitted additional information and comments on ocean 

acidification for consideration in the Oregon water quality assessment. Since then, it has become 

more apparent that ocean acidification poses a serious threat to water quality with adverse effects 

to vulnerable marine and estuarine organisms. Here I discuss new studies and comment on 

previous studies on the impact of ocean acidification in Oregon’s marine waters that EPA and 

the Oregon Department of Environmental Quality (ODEQ) should include and analyze for the 

2012 and 2016 integrated report. 

 

Specifically, the Center urges Oregon to list the following water bodies as threatened or impaired 

due to ocean acidification under its 303(d) Waster Quality Report: 

 

a. NH-10 off Newport, OR (44.6°N, 124.3°W). 

b. Oregon Inshore Surface Mooring at 7 m and 25 m deep (44.65828 ºN, -124.09525 ºW). 

c. Oregon Shelf at 80 m deep  (44.63708 ºN, -124.30595 ºW). 

d. Oregon Shelf Surface Mooring at 7 m deep (44.63565 ºN, -124.30427 ºW). 

e. Oregon Offshore at 580 m deep (44.3695 ºN, -124.95369 ºW) 

f. Oregon Offshore Surface at 7 m deep (44.36485 ºN, 124.94343 ºW) 

Additionally, Oregon must further obtain all readily available data on ocean acidification from 

sources listed in this letter (below) and analyze them for its water quality assessment. 

 

mailto:fullagar.jill@epa.gov
https://www.epa.gov/sites/production/files/2016-12/documents/enclosure_2_epa_request_for_oa_public_comment.pdf
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1. Oregon’s marine and estuarine pH standards  

 

Oregon’s numerical pH criteria for marine waters (coastal and estuarine) are inadequate to 

address ocean acidification. The Oregon Department of Environmental Quality (ODEQ) should 

analyze whether marine waters are impaired by ocean acidification based on designated aquatic 

life uses and the associated narrative criteria. Oregon’s pH criterion states that for marine waters, 

the pH must fall between 7.0 and 8.5 (OAR 340-041-0021). For estuarine and freshwaters, pH 

should fall within an even wider criteria from 6.5-9.0, depending upon location (OAR 340-041-

0101 – a 340-041-0350). These criteria are very wide and most coastal and estuarine waters 

attain such standard. However, strong scientific evidence shows deleterious effects within these 

ranges for marine organisms (see below), even though pH fall within the acceptable range of the 

Oregon water quality standards. Therefore, numerical pH criteria for marine and estuarine waters 

are inadequate to address the ocean acidification problem. The EPA and ODEQ must analyze 

whether marine and estuarine waters are impaired by ocean acidification based on the narrative 

criteria related to aquatic life designated uses found at OAR 340-41-007(1) and (11). These 

narrative criteria state that: 

 

(1) Notwithstanding the water quality standards contained in this Division, the highest and 

best practicable treatment and/or control of wastes, activities, and flows must in every 

case be provided so as to maintain dissolved oxygen and overall water quality at the 

highest possible levels and water temperatures, coliform bacteria concentrations, 

dissolved chemical substances, toxic materials, radioactivity, turbidities, color, odor, 

and other deleterious factors at the lowest possible levels. 

 

(11) The creation of tastes or odors or toxic or other conditions that are deleterious to fish or 

other aquatic life or affect the potability of drinking water or the palatability of fish or 

shellfish may not be allowed . . .  

 

Coastal and estuarine waters throughout the Oregon coast may already be experiencing the 

harmful effects of ocean acidification. Increasing concentrations of atmospheric carbon dioxide 

and the contribution of pollution, sedimentation, and inadequate watershed management can 

substantially amplify the fluctuating pH conditions in these waters making them more corrosive.  

 

There is strong scientific evidence showing that growth, survival, and behavioral changes in 

marine species are linked to ocean acidification. These effects can extend throughout the food 

web, threatening coastal and estuarine ecosystems, coastal fisheries, and humans. Here, we 

present a summary of the most current scientific information on ocean acidification across 

Oregon marine, coastal and estuarine waters that should be considered to determine water 

impairment related to ocean acidification in the 2016 Integrated Report. 

 

 

2. Oregon’s marine waters affected by ocean acidification should be listed  

 

a. Oregon’s marine, coastal and estuarine waters are affected by ocean 

acidification 
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Impaired waters by ocean acidification should be included in the 2016 integrated report. Based 

on the designated aquatic life uses and associated narrative criteria, marine, coastal, and estuarine 

water affected by ocean acidification are not “at the highest possible level” and can be 

considered “deleterious to fish and other aquatic life”. Ocean acidification may already 

impairing the capacity of organisms to produce shells and skeletons, altering food webs, and 

affecting the dynamic of entire coastal and estuarine ecosystems in Oregon (Hauri et al. 2009, 

Barton et al. 2012, Mackas and Galbraith 2012, Gruber et al. 2012, Lischka and Riebesell 2012, 

Hauri et al. 2013, Waldbusser and Salisbury 2014, Bednaršek et al. 2014, Ekstrom et al. 2015, 

Waldbusser et al. 2015a, Bednaršek and Ohman 2015, Barton et al. 2015, Chan et al. 2016, 

Bednaršek et al. 2016, Weisberg et al. 2016, Feely et al. 2016, Waldbusser et al. 2016, Feely et 

al. 2017, Bednaršek et al. 2017). Small increases in acidity of coastal and estuarine waters can 

substantially reduce the ability of marine organisms to produce shells and skeletons. Microscopic 

algae and calcifying zooplankton are especially at risk and changes in their abundance and 

survivorship can result in cascading effects that ripple through the entire food web, affecting 

other marine organisms from fishes to whales. Increasing CO2 in seawater can also directly 

affect fishes by affecting critical behavior such as orientation, predator avoidance, and the ability 

to locate food and suitable habitat.  

 

Oregon marine waters are vulnerable to ocean acidification because coastal upwelling amplifies 

the effect of anthropogenic CO2 deposition. Coastal upwelling along the Oregon coast brings 

deep and cold water rich in CO2 and low in oxygen to the continental shelf driving chemical 

conditions that are harmful to marine life (Feely et al. 2004, 2008, Hauri et al. 2009, Feely et al. 

2009, Gruber et al. 2012, Hauri et al. 2013, Bednaršek et al. 2014). Because these processes 

happen in a multi-decadal time frame, the effects of ocean acidification due to anthropogenic 

CO2 deposition across the North Pacific will become more severe overtime (Chan et al. 2016). 

Even if CO2 emissions are halted today, Oregon marine waters (and west coast waters in general) 

have already committed to increased ocean acidification for the next three to four decades. In 

addition, coastal upwelling is projected to intensify in response to stronger winds due to global 

warming, which will only increase the prevalence of water of acidic and low oxygen conditions 

(Snyder et al. 2003, Sydeman et al. 2014). 

 

In Oregon, ocean acidification in marine waters interacts with natural and anthropogenic 

processes that further reduce pH and carbonate saturation state (Feely et al. 2008, Salisbury et al. 

2008, Hauri et al. 2009, Takeshita et al. 2015, Chan et al. 2016). Although, Oregon coastal 

waters are relatively more acidic because oceanic currents and coastal upwelling (Feely et al. 

2004, 2008, Hauri et al. 2009, Feely et al. 2009, Hauri et al. 2013, McLaughlin et al. 2015, Turi 

et al. 2016), surface waters already show undersaturation with respect to aragonite due to 

anthropogenic ocean acidification independently of upwelling pulses (Feely et al. 2008, Carter et 

al. 2017). In fact, without acidification, undersaturated waters would have been as much as 50 m 

deeper than they are today (Feely et al. 2008).  

 

Recent declines in aragonite saturation states due to anthropogenic ocean acidification have been 

compounded by changes in the circulation of the California Current (Feely et al. 2012), likely 

connected to climate change (Bakun 1990, Snyder et al. 2003, Sydeman et al. 2014) and that 

directly affect Oregon marine waters. Strong coastal upwelling along the Oregon coast occurs in 

the spring and summer supplying even more CO2-rich waters from the deep ocean (Feely et al. 
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2008). Upwelling in this region has been intensified in the past decades (Rykaczewski and 

Checkley 2008) and it is predicted to become stronger with more favorable winds (Bakun 1990, 

Snyder et al. 2003, Sydeman et al. 2014). Models predict that by the mid-century, surface coastal 

waters in this region would remain undersaturated during the entire summer upwelling season 

and more than half of nearshore waters throughout the entire year (Gruber et al. 2012, Hauri et 

al. 2013).  

 

Oregon coastal waters are already experiencing harmful conditions as a result of ocean 

acidification (Feely et al. 2010) even though they fall within the numeric standard criteria for pH 

(7.0-8.5) in the state. Oregon are among the first states to pass a threshold that is consider sub-

lethal to marine organisms such as bivalves  (Ekstrom et al. 2015) (Fig. 1a). Although models 

show that by mid-century coastal waters will be close to undersaturation (Cao and Caldeira 

2008); estuarine waters today are undersaturated with respect to aragonite (Feely et al. 2010).  

These near and undersaturated waters in Oregon do not meet water quality standards - including 

designated uses, regardless of whether or not they attain current and inadequate pH numeric 

standards. Such prediction for the middle of the century (only 35 years from now) has 

tremendous implications for coastal waters in Oregon. Thus, the state must act now to improve 

water quality in coastal areas because 1), aragonite saturation state of some coastal and estuarine 

waters in Oregon are already suboptimal for oyster growth and reproduction (see below), and 2) 

control of stressors that magnify the effects of acidification at local scale must be implemented 

now to increase the probability of calcifying species to deal with higher acidification in the near 

future.  
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Figure 1. Vulnerability of coastal states to ocean acidification. a-f, Scores of relative social vulnerability 

are shown on land (by coastal county cluster) and the type and degree of severity of OA and local 

amplifiers to which coastal marine bioregions are exposed, mapped by ocean bioregion: US West Coast 

(a), Northeast (b), Chesapeake Bay (c), the Gulf of Mexico and the coast of Florida and Georgia (d), the 

Hawaii Islands (e), and Alaska (f). Social vulnerability (red tones) is represented with darker colors where 

it is relatively high. Exposure (purple tones) is indicated by the year at which sub-lethal thresholds for 

bivalve larvae are predicted to be reached, based on climate model projections using the RCP8.5 CO2 

emission scenario. Exposure to this global OA pressure is higher in regions reaching this threshold 

sooner. Additionally, the presence and degree of exposure to local amplifiers of OA are indicated for each 

bioregion: E(x/y) marks bioregions in which highly eutrophic estuaries are documented, x is the number 

of estuaries scored as high, and y is the total number evaluated in each bioregion, locations of highly 

eutrophic estuaries are marked with a star; R(x/y) marks bioregions in which river water draining into the 

bioregion scored in the top quintile of an index designed to identify rivers with a very low saturation state 

and high annual discharge volume (calculated by authors from US Geological Survey data), x is the 

number of rivers scoring in the top quintile of those evaluated, and y is the total number evaluated in this 

study. Approximate locations of river outflows of those rivers scoring in the top quintile are marked with 

a yellow triangle, and U marks bioregions where upwelling is very strong in at least part of the bioregion. 

Figure and legend after Ekstrom et al. (2015). 

 

Coastal and estuarine waters of Oregon are also influenced by local variability, and ocean 

acidification from coastal upwelling and atmospheric deposition can amplify these fluctuations. 

Daily and seasonal fluctuations in pH are due to changes in respiration, salinity, temperature and 

several local factors such as river discharge, eutrophication, hypoxia, and chemical 

contamination that amplify the deleterious effects of anthropogenic ocean acidification in coastal 

and estuarine waters (Fabry et al. 2008, Kelly et al. 2011, Cai et al. 2011, Waldbusser and 

Salisbury 2014). For example, ocean acidification combined with eutrophication can alter 

phytoplankton growth and succession affecting the entire base of food webs (Wu et al. 2014a, 

Flynn et al. 2015). Studies also show that under ocean acidification conditions heavy metal 

pollution can be more severe. In more acidic waters, sediments become more toxic as they easily 

bounds to heavy metals making them more available and thus more toxic for aquatic life 

(Roberts et al. 2013). For example, ocean acidification increases the toxicity effects of copper in 

some marine invertebrates (Campbell and Mangan 2014, Lewis et al. 2016).   

 

b. Empirical and field studies show that marine calcifiers are highly vulnerable 

to ocean acidification in Oregon waters 

 

Experiments have shown that ocean acidification has deleterious effects on many marine 

organisms (Feely et al. 2004, Cooley and Doney 2009, Hendriks et al. 2010, Kroeker et al. 2013, 

Waldbusser et al. 2015a, Yang et al. 2016) with long-term consequences for marine ecosystems 

(Hoegh-Guldberg 2007, Pandolfi et al. 2011, Couce et al. 2013, Nagelkerken and Connell 2015, 

Linares et al. 2015). Recent studies have confirmed that these adverse impact can be already 

detected in the field, despite several confounding factors such daily fluctuations in temperature, 

oxygen levels, salinity, and other variables (Yang et al. 2016, Albright et al. 2016, Bednaršek et 

al. 2016, Sunday et al. 2017). Calcifying organisms are clearly more vulnerable to the effects of 

ocean acidification than non-calcifying species (Kroeker et al. 2013) especially those that use 

aragonite as their calcium carbonate minerals (Ries 2010).  
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Most extant calcifying organisms use aragonite as the preferable crystal form of calcium 

carbonate to produce shells and skeletons and they are the most vulnerable to acidification (Ries 

2010, Wittmann and Pörtner 2013). Organisms that use aragonite as the preferable form of 

calcium carbonate for calcification are the first to be affected as calcium carbonate plummets due 

to acidification. However, calcifying species have different thresholds for aragonite (i.e., the 

aragonite saturation state that prevents calcification and leads to dissolution is species specific), 

thus some marine calcifier species will be more vulnerable than others (Ries et al. 2009, Lebrato 

et al. 2016). Because marine calcifiers have different capacity to use the same concentration of 

calcium carbonate to secret shells and skeletons (Ries et al. 2009), certain species are highly 

sensitive to the same aragonite saturation conditions and suffer the effect of ocean acidification 

with greater intensity (Wittmann and Pörtner 2013). However, those species that are able to 

calcify and growth under acidic conditions may suffer physiological constrains that impairs 

fertilization, reproduction, settlement, and their capacity to resist diseases and other stressors 

(Pörtner 2008, Hofmann et al. 2010, Wittmann and Pörtner 2013, Bednaršek et al. 2016).  

 

c. Shellfish in the Oregon region are vulnerable to ocean acidification 

 

Non-atmospheric sources combined with anthropogenic CO2 deposition can result in negative 

ecosystem consequences when they coincide with physical processes such as upwelling that 

bring O2-deprived, CO2-enriched and low-pH waters to nearshore regions (Feely et al. 2009). 

Acidification can also be exacerbated by non-uniform changes in water circulation and biological 

processes such as respiration (Feely et al. 2010) 

 

Among the marine species most vulnerable to ocean acidification in marine waters of Oregon are 

shelled mollusks. Studies have shown that most shelled mollusks are especially sensitive to small 

pH changes, in particular carbonate saturation states (Barton et al. 2012, Gazeau et al. 2013, 

Hettinger et al. 2013a) (Fig. 2). Shelled mollusks such as oysters are keystone species in 

estuarine areas that provide great economic value for local and regional economies, and 

ecosystems services such as water filtration, estuarine protection, and habitat (Newell 2004). 

With ocean acidification oysters are at risk due to corrosive waters. 
 
Figure 2 Pacific oyster larvae from the 

same spawn, raised by the Taylor 

Shellfish Hatchery in natural waters of 

Dabob Bay, WA, exhibiting favorable 

(left, pCO2 = 403 ppm, Ωaragonite= 1.64, pH 

= 8.00) and unfavorable (right, pCO2 = 

1418 pp, Ωaragonite= 0.47, pH= 7.49) 

carbonate chemistry during the spawning 

period. Scanning Electron Microscopy 

images show representative larval shells 

from each condition at four days post–

fertilization. Figure and legend after 

Barton et al. 2015 

 

Ocean acidification has already affected oyster populations in estuarine waters of the U.S. 

Pacific Northwest (Barton et al. 2012, Timmins-Schiffman et al. 2012, Barton et al. 2015). For 

example, oyster production in the Pacific Northwest declined 22% between 2005 and 2009 
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because ocean acidification directly affected oyster seed production (Barton et al. 2012, 2015). In 

fact, Washington and Oregon alone experienced production declines of oyster seed hatcheries of 

up to 80% from 2006 to 2009 (Chan et al. 2016).  In 2006, oyster larval production at the 

Whiskey Creek Hatchery (Netarts Bay, Oregon) substantially declined due to acidic water 

conditions leading to halted growth and oyster die offs (Barton et al. 2012). 

 

Oysters and other marine bivalves show permanent negative effects due to ocean acidification 

when pH and aragonite saturation state decline below certain thresholds (Parker et al. 2009, 

Lannig et al. 2010, Parker et al. 2012, Barton et al. 2012, Hettinger et al. 2012, Gazeau et al. 

2013, Waldbusser et al. 2015a, Barton et al. 2015, Waldbusser et al. 2015b). Barton el al. (2012) 

first demonstrated that larval production and mid-stage growth of Pacific oyster (Crassostrea 

gigas) significantly declined as rearing 

water decreased below 7.8 pH units and 

below 1.7 in aragonite saturation state at 

an oyster hatchery on the northern Oregon 

coast (Whiskey Creek Shellfish Hatchery 

in Netarts Bay) (Fig. 3). In waters with 

elevated CO2 concentrations, oyster 

larvae have difficulty with growth and 

development, drastically reducing oyster 

production (Barton et al. 2012). Even 

when larvae are able to develop under 

moderate aragonite saturation states, 

studies show they growth smaller 

(Waldbusser et al. 2015a) and very few 

develop to metamorphosis (Barton et al. 

2012). Similarly, experimental  studies 

with the Olympia oyster (Ostrea lurida), a 

foundation species of the Pacific 

Northwest, have shown that as pH 

declines to 7.8 units (well within the 

numerical standard pH criteria for the 

state of Oregon), juvenile oysters 

exhibited a 41% decreased in shell growth 

rate, and negative effects persist even 

after oysters are returned to normal 

conditions (Hettinger et al. 2012, 2013b).  

 
Figure 3 (A) Relative production of Pacific 

Oyster larvae at the Netarts Bay Whiskey 

Creek Shellfish Hatchery, Oregon as a 

function of aragonite saturation state (Ωarag). 

(B) Wind speed, atmospheric pressure, 

salinity, temperature, pH, and aragonite 

saturation state in Netarts Bay during summer 

2009. The solid red line shows the threshold 

aragonite saturation state for no viable 
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commercial production. After Barton et al. (2012, 2015) 
 

Ocean acidification can cost the shellfish industry millions of dollars in economic losses and 

thousands of jobs. In fact, ocean acidification has already cost the oyster industry in the U.S. 

Pacific Northwest approximately $110 million dollars and compromised ~3,200 jobs 

(Washington State Blue Ribbon Panel on Ocean Acidification 2012, Barton et al. 2015). As the 

shellfish industry faces the increasing effects of ocean acidification, sales and job security will be 

drastically impacted affecting coastal communities, particularly in areas where fishing and 

coastal tourism provide the main economic support (Ekstrom et al. 2015, Chan et al. 2016). For 

example, a Canadian shellfish company reported losses of ~ $10 million during its scallop 

fisheries in 2014 because acidic waters (WCOAHP 2015a).  

 

These findings in the Pacific Northwest are a wake-up call for action to the state of Oregon. Such 

negative effects of ocean acidification on shelled mollusk like oyster support the results from 

laboratory experiments. It is alarming that negative effects of ocean acidification are already seen 

under current and fluctuating pH conditions. As the ocean acidification trend continues, the 

shellfish industry along the Oregon coast that include oysters, mussels, scallops and crabs would 

be subject to substantial economic loses (Chan et al. 2016).  

 

d. Ocean acidification affects crucial zooplankton groups such as pteropods  

 

Ocean acidification in Oregon marine waters also affects important shelled organisms such as 

pelagic pteropods. Pteropods are small sea snails that use the aragonite form of calcium 

carbonate to secrete their spiral shells. Pteropods can be used as indicator for water impairment 

due to their striking vulnerability to ocean acidification. These mollusks are among the calcifier 

groups most sensitive to declines of aragonite saturation conditions because their delicate 

aragonite shells (Comeau et al. 2012, Lischka and Riebesell 2012, Bednaršek et al. 2016). In 

fact, in-life dissolution of pteropods-shells fossil can be used as an indicator of past ocean 

carbonate saturation conditions (Wall-Palmer et al. 2013). In the California Current Ecosystem, 

which encompass marine waters of Oregon, pteropods are already impacted by ocean 

acidification with reduction in abundance and signs of shell damage due to relatively lower pH 

(Bednaršek et al. 2014, Bednaršek and Ohman 2015). For example, sampling studies along the 

Washington-Oregon-California coast showed that on average, severe dissolution is found in 53 

% of onshore pteropods and 24 % of offshore individuals due to undersaturated waters in the top 

100 m with respect to aragonite (Bednaršek et al. 2014). 

 

Field studies have demonstrated that pteropod’s shell exhibit increasing dissolution as aragonite 

saturation declines below 1.3 (Bednaršek and Ohman 2015) and extensive dissolution (e.g., 30%-

50% shell surface area) in areas where aragonite saturation state (Ω) is below 1.0 (Bednaršek et 

al. 2012, Bednaršek and Ohman 2015). Values of Ω aragonite from 1.1 to 1.3 causes stress in 

pteropods and calcification is maintained at the expense of higher energy consumption (N. 

Bednaršek Per. Com.). At values below Ω aragonite = 1.1 extensive shell dissolution and 

irreparable damage is often observed (N. Bednaršek Per. Com.) (Fig. 4). This highlights how 

aragonite saturation state is an important proxy to directly detect the impacts of ocean 

acidification on these organisms and how water quality standards must include this parameter 

(Weisberg et al. 2016).  
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Figure 4 Scanning electronic 

micrographs illustrating types of 

shells dissolution in the thecosome 

pteropod Limacina helicina. (a) 

whole animal with no shell 

dissolution, (b) Type II dissolution; 

(c,d) Type III dissolution; (e) 

mixture of no dissolution, Type I 

and Type III on a single shell 

surface. As Ωarag decreases with 

ocean acidification, pteropods’ 

biological condition deteriorates. 

Under low level of stress (Ω > 1.3) 

dissolution is insignificant and shell 

calcification is maintained. As Ω 

decreases, dissolution increases, 

calcification decreases and pteropod 

shells go through stress to damage 

to irreparable and ultimately leads to 

organism mortality. Below Ω < 1.1 

moderate to extensive shell damage 

and decrease calcification occurs. 

Under undersaturated conditions (Ω 

<0.9) extensive severe dissolution 

and absence of calcification occurs. 

Figure and legend modified after 

Bednaršek and Ohman (2015). 

 

Pteropods are so sensitive to acidic waters that their vertical distribution track changes in water 

chemistry in the southern California Current System (Bednaršek and Ohman 2015). As aragonite 

saturation horizon (Ω aragonite = 1.0) shoals (from >100 m to <75 m deep) pteropod abundance 

declines at depth below 100 m where waters are less saturated with respect to aragonite. In 

addition, severe shell dissolution is observed at depths where Ω aragonite equals 1.1 to 1.4 

(Bednaršek and Ohman 2015). This dynamic in pteropod abundance due to change in sea water 

chemistry can directly affect those species that feed on them (Doubleday and Hopcroft 2015).  

 

Pteropods are one of the most important species in oceanic marine food webs and their decline 

could threaten the functioning of entire coastal ecosystems and commercially important fisheries 

such as salmon (Doubleday and Hopcroft 2015). Pteropods are common prey for important 

commercial fishes such as anchovies, herring, jack mackerel, sablefish, and pink, chum, Coho, 

and sockeye salmon (Brodeur et al. 1987, Armstrong et al. 2005, Aydin et al. 2005, Brodeur et 

al. 2007). In addition, zooplankton, squid, whales and even birds can eat pteropods. Pteropods 

are the main food sources for commercially and culturally important species such as Pacific 

salmon, herring, and squid (Doubleday and Hopcroft 2015). Therefore, temporal or spatial 

reduction in pteropod abundance will have drastic cascading effects on the species that rely on 

them as the main food source. For example, 30 % of the variability of pink salmon survival 

during spring-summer in Prince Williams Sound, southern Alaska, has been directly associated 

with changes in the abundance and distribution of the pteropod  Limacina helicina (Doubleday 

and Hopcroft 2015). 
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Vertical distribution of pteropods is already affected by ocean acidification which may have 

important consequences for the species that feed on them. Pteropods show vertical migrations to 

deeper waters during the day and feed in shallower waters at night to avoid predation. Ocean 

acidification can drastically constrain these vertical migrations by narrowing the range of optimal 

carbonate saturation and thus calcification. For example, in the Pacific Northwest, diel migration 

for L. helicina is relatively shallow (100 m) because undersaturated waters with respect to 

aragonite (Mackas and Galbraith 2012). Thus, as pteropods are affected by ocean acidification 

through calcification and survivorship, ocean acidification indirectly affects species higher in the 

food web that depend on them as food source.  

 

e. Ocean acidification affects a variety of other marine organisms  

 

Laboratory and mesocosm experiments show that pH and calcium carbonate saturation state 

levels observed in marine waters of Oregon affect calcification rates of marine calcifiers such 

coccolithophorids, foraminifera, other mollusks, and sea urchins (Orr et al. 2005, Ries et al. 

2009, Doney et al. 2009, Wittmann and Pörtner 2013, Haigh et al. 2015, Yang et al. 2016). Many 

calcifying species are directly affected by ocean acidification by decreasing calcification rates 

and compromising growth and survival. Overall calcifying organisms such echinoderms and 

mollusks tend to show higher sensitivity than crustaceans and fish species (Ries et al. 2009, 

Wittmann and Pörtner 2013) (Fig. 5). For example, in experimental conditions, calcification rates 

in temperate corals, urchins, limpets, clams, scallops, and oysters decrease considerably as 

aragonite saturation state declines below 1.5 corresponding to elevated pCO2 (i.e., over 900 

µatm) (Ries et al. 2009). Studies also suggest that some species of juvenile fish of economic 

importance in coastal regions are highly sensitive to higher than normal pCO2 concentrations and 

lower pH, exhibiting high mortality rates (Ishimatsu et al. 2004). 

 

 

 
 
Figure 5 Fractions (%) of coral, echinoderm, mollusk, crustacean and fish species exhibiting negative, no 

or positive effects on performance indicators reflected as individual fitness in response to the respective 

pCO2 ranges (μatm). The numbers of species analyzed on each CO2 range are on top of columns. Bars 

above columns denote count ratios significantly associated with pCO2 (according to Fisher’s exact test, 

p<0.05, used to analyze species counts of pooled groups of negatively affected species versus not 

negatively affected species. Figure and legend modified after Wittmann and Pörtner 2013. 
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Ocean acidification will have negative impacts on calcification, survival, growth, reproduction 

and other physiological processes at the species level in the absence of evolutionary adaptation 

or acclimatization over the coming decades (Kroeker et al. 2013). These effects can accumulate 

through marine communities disrupting ecological process and energy fluxes (Nagelkerken and 

Connell 2015, Linares et al. 2015). Together, these studies forecast drastic changes in species 

composition with negative impacts through marine populations and communities that ultimately 

affect ecosystem functionality and services. 

 

f. Local stressors in coastal and estuarine waters magnify anthropogenic ocean 

acidification 

 

Local stressors can magnify and contribute to acidification in Oregon’s coastal and estuarine 

waters. Local stressors such as eutrophication (Waldbusser et al. 2011, Cai et al. 2011), pollution 

(Biscéré et al. 2015, Flynn et al. 2015), sulfur dioxide deposition (Doney et al. 2007), hypoxia 

(Kemp et al. 2005, Melzner et al. 2012), river discharge (Salisbury et al. 2008), runoff from 

acidic fertilizers (Dentener et al. 2006), and harmful algal blooms (Wu et al. 2014b) can 

substantially contribute to ocean acidification in coastal waters (Duarte et al. 2013, Waldbusser 

and Salisbury 2014). Precipitation runoff can also increase acidification in coastal and estuarine 

waters (Cooley and Doney 2009, Doney et al. 2009, Cheung et al. 2009).  

 

Ocean acidification can magnify the negative effects of toxic algal blooms. Harmful algal 

blooms can cause mass mortality of wildlife, shellfish harvesting closures, and tremendous risk 

to human health. Some species of Pseudo-nitzschia, a global distributed diatom genus commonly 

found in marine waters of Oregon, produce domoic acid, a neurotoxin that causes amnesic 

shellfish poisoning. Studies have shown that acidified conditions due to increasing pCO2 can 

increase toxin concentrations as much as five-fold in this harmful microalgae (Sun et al. 2011, 

Tatters et al. 2012). Toxicity levels have been positively correlated with mortality of shellfish, 

fish, marine mammals, and can cause deleterious effects in the central nervous system in humans 

known as paralytic shellfish poisoning (Tatters et al. 2012, Fu et al. 2012, Tatters et al. 2013). 

For example, results from laboratory experiments indicate that levels of the toxin domoic acid 

and growth rate in the diatom Pseudo-nitzschia multiseries  increases as pCO2 in water increases 

from  220 to 730 ppm (Sun et al. 2011).  

 

During spring and summer in the Pacific Northwest where relatively warmer waters, coastal 

upwelling, and increase freshwater runoff occur, coastal toxic algal blooms along the coast of 

California, Oregon, and Washington may becoming more common and intense. The Pacific 

Northwest (including Oregon) had one of the worst harmful algal blooms recorded in 2015 with 

the highest concentrations of domoic acid yet observed (NOAA Fisheries 2015). It is likely that 

ocean acidification and coastal runoff may have increased their toxicity. For example, the 

toxicity of some harmful algal blooms can increase with ocean acidification (Sun et al. 2011) and 

with land-runoff and/or water column stratification (Hallegraeff 2010).These toxic algal blooms 

led managers to close down the entire west coast recreational and commercial crab fisheries from 

the southern Washington coast to Southern California (Ayres 2015). The toxicity of harmful 

algal blooms increases with ocean acidification and eutrophication can alter phytoplankton 

growth and succession (Wu et al. 2014b, Flynn et al. 2015).This suggests that coastal waters 

could be impaired with ocean acidification by failing water quality standards for toxic and other 
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deleterious organic and inorganic substances, which were indirectly and partially driven by low 

water pH.  

 

g. Ocean acidification can be partially addressed locally 

 

Currently, several approaches can be used to prevent locally intensified ocean acidification. 

Recently, the West Coast Ocean Acidification and Hypoxia Science Panel working in 

partnership with the California Ocean Science Trust published a report highlighting major 

findings, recommendations, and actions that West Coast states can take now to address ocean 

acidification locally (Chan et al. 2016). This report suggested that the effectiveness of local 

actions will be higher in semi-enclosed water bodies such as estuaries and bays where local 

physical-chemical processes dominated over oceanic forcing (Chan et al. 2016). As such local 

actions will be paramount in Oregon since semi-enclosed water bodies such as estuaries and 

small bays represent a substantial portion of marine waters in the state. Oregon has already a 

legal framework to address not only local stressors that amplify the effects of ocean acidification, 

but also reduce local and state level carbon dioxide emissions that primarily contribute to the 

problem. 

 

Ocean acidification can have a localized impact and often acts synergistically with other 

stressors. Marine species have a limited capacity to deal simultaneously with several stressors, 

and often the negative combined effects of ocean acidification with other local stressors are 

stronger than the sum of their parts. This is because ocean acidification in coastal areas can be 

intensified by the negative effects of local stressors (e.g., pollution, hypoxia, warming, and 

runoff) (WCOAHP 2015b).  Additional declines of pH, aragonite saturation state, and dissolved 

oxygen  associated with local stressors can suddenly push marine species across a critical 

threshold that drastically impairs their physiology and can cascade up through the food web 

affecting entire ecosystems (Nagelkerken and Connell 2015, Haigh et al. 2015). As marine 

species fare better dealing with one stressor instead of multiple stressors, the most practical, fast, 

and direct approach to deal with ocean acidification in the short term is to eliminate other local 

stressors and therefore increase the resilience of marine species to corrosive waters. 

 

Under the Clean Water Act, Oregon has ample authority to address local sources that contribute 

to ocean acidification, including storm water runoff, sewage contamination, and management 

actions to build resilience. Anthropogenic ocean acidification combined with local stressors that 

lower pH greatly magnifies the acidification problem with drastic effects in local economies 

(Chan et al. 2016). Ocean acidification can be especially problematic in estuarine and coastal 

waters adjacent to urban areas drastically reducing water quality that impairs the survival and 

growth of marine species. By addressing local pollution, eutrophication, river runoff and estuary 

erosion (among others), the state of Oregon will not only prevent the magnification of the ocean 

acidification problem, but also provide marine organisms with better capacity and more time to 

resist ocean acidification while we work globally to reduce atmospheric CO2. 

 

Although the primary solution to eliminate ocean acidification is to drastically curb CO2 

emissions globally, local management actions that directly address water quality by eliminating 

pollution, hypoxia, excess of land-based nutrient runoff, and sedimentation from land erosion 

will substantially ameliorate the deleterious effects of ocean acidification on marine species 
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(Chan et al. 2016). Addressing local stressors may alone improve the health of coastal waters and 

protect coastal economies that depend on shellfish fisheries. Moreover, under the Clean Water 

Act, Oregon has the authority to reduce atmospheric CO2 that contributes to water quality 

violations due to ocean acidification. The Clean Water Act has a long history of being used to 

address water pollution from atmospheric deposition. For example, section 303(d) of the Clean 

Water Act has been used to address cross-border pollution from atmospheric mercury, PCBs, and 

acid rain. Oregon can do its part, as well as hold adjacent states accountable for their 

contributions to ocean acidification.  

 

3. Current water quality criteria for pH are inadequate to address ocean acidification  

The estuarine/marine habitat pH criteria for Oregon marine and estuarine waters are inadequate 

to protect aquatic life. Based on the best available scientific information on the deleterious effect 

of ocean acidification on marine life, these pH standards are inadequate, because negative 

biological effects can be observed at pH levels well within the current range that is considered 

normal. Thus, the state of Oregon in conjunction with the EPA should develop new water quality 

standards for ocean acidification (either numerical or narrative) that better reflect the natural 

variability and potential negative effects of acidification on vulnerable coastal and estuarine 

species 

 

Current water quality criteria for pH were developed over four decades ago and are scientifically 

inadequate to address the effects of ocean acidification. The numerical criteria are not based in 

the most current science and are not ecological relevant for marine and estuarine species (Chan 

et al. 2016). These thresholds, while providing guidance, are insufficient with respect to ocean 

acidification applications (Chan et al. 2016). Several studies (see above) have shown biological 

impacts at pH levels well above 7.5 units. Moreover, this pH range represents up to two order of 

magnitude difference in acidity since the pH is in logarithm scale. Finally, a deviation of no more 

than 0.2 units from ambient is difficult to apply. The state and regional water boards must take 

steps to define historical ambient pH levels for its waters.  

 

New ecologically meaningful water quality criteria for ocean acidification must be developed 

and recent studies recommend more appropriate approaches (Weisberg et al. 2016). In addition, 

ocean acidification water criteria should be expanded to include other acidification parameters 

(e.g., pCO2, aragonite saturation state, carbonate ions concentration) that may be more relevant 

than pH and may affect many marine species (Chan et al. 2016). For example, aragonite 

saturation state is more biologically relevant than pH for shell formation in calcifying organisms 

such as pteropods and oysters, and recent studies have already established chronic and acute 

thresholds that can be used (see above). In contrast, parameters such as pCO2 instead of pH are 

more relevant for fish which can drastically impair their ability to avoid predators, find food, and 

identify suitable habitat (Ishimatsu et al. 2004, Dixson et al. 2010, Ferrari et al. 2012). 

 

4. Oregon’s water bodies impaired by ocean acidification   

 

This section is an analysis of a series of water bodies across Oregon that may be already 

impaired by ocean acidification.  
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a. NH-10 off Newport, OR (44.6°N, 124.3°W). 

Station description: The Newport Hydrographic (NH-10) mooring is located in the northern 

California Current Ecosystem along the central Oregon coast, about 12 miles to the west of 

Newport and anchor on the inner shelf at 85 m. This region supports economically important 

ground-fish and crab fisheries due to diverse and productive benthic and near shore ecosystems. 

The area around the mooring experiences a highly-variable biogeochemistry because river 

freshwater input and strong seasonal upwelling
1
. The combination of upwelling and high 

productivity can lead to bottom water hypoxia.
2
 

 

Impairment: Although the recoded pH values since April 2014 fall within the normal pH 

criteria (7.0-8.5) for marine waters of Oregon (Fig. 6), these waters may be impaired by ocean 

acidification based on the narrative criteria. Several pH measurements fall below 7.8 which has 

been shown to have deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster 

(Hettinger et al. 2012, 2013a), and pteropods (Weisberg et al. 2016).   

 

Data availability: Readily available 

data and metadata for the complete 

set of ocean acidification parameters 

for this mooring from April to 

September 2014 can be found at: 

http://cdiac.ornl.gov/ftp/oceans/Moori

ngs/NH10_124W_44N/NH10_124W

_44N_Apr2014_Sep2014.csv 

 

Figure 6 Real time data for pCO2 and 

pH at NH10 from April 2014 to 

present. Note that significant gaps are 

present in the records. Current graphs 

can be found at: 

https://www.pmel.noaa.gov/co2/story

/NH-10  

                                                 
1
 PMEL 2017, NH-10 Description https://www.pmel.noaa.gov/co2/story/NH-10  

2
 PMEL 2017, NH-10 Description https://www.pmel.noaa.gov/co2/story/NH-10  

http://cdiac.ornl.gov/ftp/oceans/Moorings/NH10_124W_44N/NH10_124W_44N_Apr2014_Sep2014.csv
http://cdiac.ornl.gov/ftp/oceans/Moorings/NH10_124W_44N/NH10_124W_44N_Apr2014_Sep2014.csv
http://cdiac.ornl.gov/ftp/oceans/Moorings/NH10_124W_44N/NH10_124W_44N_Apr2014_Sep2014.csv
https://www.pmel.noaa.gov/co2/story/NH-10
https://www.pmel.noaa.gov/co2/story/NH-10
https://www.pmel.noaa.gov/co2/story/NH-10
https://www.pmel.noaa.gov/co2/story/NH-10
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b. Coastal Endurance Oregon Inshore Surface Mooring - Seafloor Multi-

Function Node (44.65828 ºN, -124.09525 ºW). 

 

Station description: The Oregon Inshore Surface Mooring (CE01ISSM) site with the Seafloor 

Multi-Function Node  is part of the Coastal Endurance Array anchored at ~25 m deep and  

located at about 1.73 miles west Agate Beach, Newport, Oregon. The mooring uses a 

CE01ISSM-MFD35-06-PHSEND000 to measure pH at 25 m deep. This area is highly 

productive with a dynamic upwelling environment.
3
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from April 15, 2014 to October 29, 2016 is found at: 

https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000  

 

Figure 7 Real time data for pH at 

the Coastal Endurance Oregon 

Inshore Surface Mooring 

Seafloor Multi-Function Node 

(44.65828 ºN, -124.09525 ºW) 

from April 15, 2014 to October 

29, 2016 using the telemetered 

pH sensor instrument. Note that 

significant gaps are present in the 

records. Red circles indicate pH 

measurements that failed quality 

accuracy and control. Red 

horizontal line is pH of 7.8. 

Current graphs can be found at: 

https://ooinet.oceanobservatories.

org/data_access/?search=CE01IS

SM-MFD35-06-PHSEND000.  

 

                                                 
3
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce01issm/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
http://oceanobservatories.org/site/ce01issm/


16 

 

c. Coastal Endurance Oregon Inshore Surface Mooring – Near Surface 

Instrument Frame (44.65975 ºN, -124.09504 ºW). 

 

Station description: The Oregon Inshore Surface Mooring (CE01ISSM) site with the Seafloor 

Multi-Function Node  is part of the Coastal Endurance Array anchored at ~7 m deep and  located 

at about 1.73 miles west of Agate Beach, Newport, Oregon. The mooring uses a CE01ISSM-

MFD35-06-PHSEND000 to measure pH at 7 m deep. This area is highly productive with a 

dynamic upwelling environment.
4
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from September 15, 2014 to October 29, 2016 is found 

at: https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-

PHSEND000  

 

 

 

Figure 8 Real time data for pH 

at the Coastal Endurance 

Oregon Inshore – Near Surface 

Instrument Frame (44.65975 

ºN, -124.09504 ºW) from April 

15, 2014 to October 29, 2016 

using the telemetered pH sensor 

instrument. Note that 

significant gaps are present in 

the records. Red circles indicate 

pH measurements that failed 

quality accuracy and control. 

Red horizontal line is pH of 

7.8. Current graph can be found 

at: 

https://ooinet.oceanobservatorie

s.org/data_access/?search=CE0

1ISSM-RID16-06-

PHSEND000  

 

                                                 
4
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce01issm/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-MFD35-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE01ISSM-RID16-06-PHSEND000
http://oceanobservatories.org/site/ce01issm/
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d. Coastal Endurance Oregon Shelf Cabled Benthic Experiment Package - 

Low-Power JBox (LJ01D) (44.63708 ºN, -124.30595 ºW). 

 

Station description: The Oregon Shelf Cabled Benthic Experiment Package (CE02SHBP) site 

with the Low-Power JBox (LJ01D) node is part of the Coastal Endurance Array anchored at ~80 

m deep and  located at about 12  miles west of Newport, Oregon. The mooring uses a 

CE02SHBP-LJ01D-10-PHSEND103 to measure pH at 80 m deep. This area is highly productive 

with a dynamic upwelling environment.
5
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from September 25, 2014 to April 3, 2017 is found at:  

https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-

PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record  

 

 

Figure 9 Real time data for 

pH at the Coastal Endurance 

Oregon Shelf Cabled Benthic 

Experiment Package - Low-

Power JBox (LJ01D) 

(44.63708 ºN, -124.30595 ºW) 

using the telemetered pH 

sensor instrument. Note that 

significant gaps are present in 

the records. Red circles 

indicate pH measurements 

that failed quality accuracy 

and control. Red horizontal 

line is pH of 7.8. Current 

graph can be found at: 

https://ooinet.oceanobservator

ies.org/data_access/?search=C

E02SHBP-LJ01D-10-

PHSEND103#CE02SHBP-

LJ01D-10-

PHSEND103/streamed_phsen

-data-record  

                                                 
5
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce02shbp/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
http://oceanobservatories.org/site/ce01issm/


18 

 

e. Coastal Endurance Oregon Shelf Surface Mooring - Near Surface Instrument 

Frame (44.63565 ºN, -124.30427 ºW). 

 

Station description: The Coastal Endurance Oregon Shelf Surface Mooring (CE02SHSM) site 

with the Near Surface Instrument Frame node is part of the Coastal Endurance Array anchored at 

~7 m deep and  located at about 12  miles west of Newport, Oregon. The mooring uses a 

CE02SHSM-RID26-06-PHSEND000  instrument to measure pH at 7 m deep. This area is highly 

productive with a dynamic upwelling environment.
6
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from April 2, 2015 to October 6, 2016 is found at:  

https://ooinet.oceanobservatories.org/data_access/?search=CE02SHSM-RID26-06-

PHSEND000#CE02SHSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument  

 

 

Figure 10 Real time data for pH 

Coastal Endurance Oregon Shelf 

Surface Mooring - Near Surface 

Instrument Frame (44.63565 ºN, 

-124.30427 ºW) using the 

telemetered pH sensor 

instrument. Note that significant 

gaps are present in the records. 

Red circles indicate pH 

measurements that failed quality 

accuracy and control. Red 

horizontal line is pH of 7.8. 

Current graph can be found at: 

https://ooinet.oceanobservatories

.org/data_access/?search=CE02S

HBP-LJ01D-10-

PHSEND103#CE02SHBP-

LJ01D-10-

PHSEND103/streamed_phsen-

data-record  

                                                 
6
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce02shsm/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHSM-RID26-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHSM-RID26-06-PHSEND000#CE02SHSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHSM-RID26-06-PHSEND000#CE02SHSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE02SHBP-LJ01D-10-PHSEND103#CE02SHBP-LJ01D-10-PHSEND103/streamed_phsen-data-record
http://oceanobservatories.org/site/ce01issm/
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f. Coastal Endurance Oregon Offshore Cabled Benthic Experiment Package - 

Low-Power JBox (LJ01C) (44.3695 ºN, -124.95369 ºW) 

 

Station description: The Coastal Endurance Oregon Offshore Cabled Benthic Experiment 

Package (CE04OSBP) site with the Low-Power JBox (LJ01C) node is part of the Coastal 

Endurance Array anchored at ~580 m deep and  located at about 12  miles west of Newport, 

Oregon. The mooring uses a CE04OSBP-LJ01C-10-PHSEND107  instrument to measure pH at 

580 m deep. This area is highly productive with a dynamic upwelling environment.
7
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from August 25, 2014 to April 3, 2017 is found at:  

https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-

PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record  

 

Figure 11 Real time data for pH 

Coastal Endurance Oregon Offshore 

Cabled Benthic Experiment Package 

- Low-Power JBox (LJ01C) 

(44.3695 ºN, -124.95369 ºW) using 

the telemetered pH sensor 

instrument. Note that significant 

gaps are present in the records. Red 

circles indicate pH measurements 

that failed quality accuracy and 

control. Red horizontal line is pH of 

7.8. Current graph can be found at: 

https://ooinet.oceanobservatories.org

/data_access/?search=CE04OSBP-

LJ01C-10-

PHSEND107#CE04OSBP-LJ01C-

10-PHSEND107/streamed_phsen-

data-record   

                                                 
7
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce04osbp/
http://oceanobservatories.org/site/ce04osbp/
http://oceanobservatories.org/array/coastal-endurance/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSBP-LJ01C-10-PHSEND107#CE04OSBP-LJ01C-10-PHSEND107/streamed_phsen-data-record
http://oceanobservatories.org/site/ce01issm/
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g. Coastal Endurance Oregon Offshore Surface Mooring - Near Surface 

Instrument Frame (44.36485 ºN, 124.94343 ºW) 

 

Station description: The Coastal Endurance Oregon Offshore Surface Mooring (CE04OSSM) site 

with the Near Surface Instrument Frame node is part of the Coastal Endurance Array anchored at 

~7 m deep and  located at about 42  miles west of Yachats, Oregon. The mooring uses a 

CE04OSSM-RID26-06-PHSEND000  instrument to measure pH at 7 m deep. This area is highly 

productive with a dynamic upwelling environment.
8
 

 

Impairment: This water body should be classified as impaired because based on the narrative 

criteria water quality is not at the highest possible level and may have deleterious effects on 

marine organisms. Several pH measurements fall below 7.8 which has been shown to have 

deleterious effects on Pacific oyster (Barton et al. 2012), Olympia oyster (Hettinger et al. 2012, 

2013a), and pteropods (Weisberg et al. 2016). 

 

Data availability: Readily available data and metadata for the completed set of ocean 

acidification parameters for this mooring from April 7, 2015 to March 19, 2017 is found at:  

https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-

PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument   

 

Figure 12 Real time data for pH 

Coastal Endurance Oregon 

Offshore Surface Mooring - Near 

Surface Instrument Frame 

(44.36485 ºN, 124.94343 ºW) 

using the telemetered pH sensor 

instrument. Note that significant 

gaps are present in the records. 

Red circles indicate pH 

measurements that failed quality 

accuracy and control. Red 

horizontal line is pH of 7.8. 

Current graph can be found at: 

https://ooinet.oceanobservatories.

org/data_access/?search=CE04O

SSM-RID26-06-

PHSEND000#CE04OSSM-

RID26-06-

PHSEND000/telemetered_phsen-

abcdef-dcl-instrument  

                                                 
8
 Oregon Inshore Surface Mooring http://oceanobservatories.org/site/ce01issm/  

http://oceanobservatories.org/site/ce04ossm/
http://oceanobservatories.org/array/coastal-endurance/
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
https://ooinet.oceanobservatories.org/data_access/?search=CE04OSSM-RID26-06-PHSEND000#CE04OSSM-RID26-06-PHSEND000/telemetered_phsen-abcdef-dcl-instrument
http://oceanobservatories.org/site/ce01issm/
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5. Oregon must evaluate data related to ocean acidification parameters from several 

readily available sources 

 

Oregon has a duty to evaluate ocean acidification parameters during its water quality assessment 

(EPA 2010). Oregon must “evaluate all exiting and readily available water quality-related data 

and information to develop the list” 40 C.F.R. § 130.7(b)(5). Beyond reviewing the information 

submitted by the Center, Oregon must also evaluate pH and other monitoring data that is readily 

available and seek out additional ocean acidification data from state, federal, and academic 

research institutions. EPA’s 2010 memo and Integrated Report Guidance discussed several 

sources, including the NOAA data (EPA 2010: 7-9; EPA Guidance 30-31). There are several 

sources for high resolution ocean acidification data that will be available in the near future.  

 

The state must obtain and consider data being collected from Oregon State, the University of 

Washington, National Oceanic and Atmospheric Administration, the ocean Observatories 

Initiative, and other research institutions.  These institutions are conducting research surveys as 

well as have permanently moored instruments that are gathering information about ocean 

acidification. For example, much of these data, including measurements of CO2, dissolved 

oxygen, turbidity, temperature, and salinity dating back to 2005, have been archived and are 

available to Oregon. Data relevant to ocean acidification in Oregon has also been transmitted to 

and made available by the Pacific Marine Environmental Laboratory. Finally, the Center urges 

the state to improve its own monitoring program so that it can detect ocean acidification related 

water quality problems at a higher temporal resolution.   

 

The following are additional sources from which Oregon can obtain and evaluate data from: 

 

 NOAA Pacific Marine Environmental Laboratory Carbon Program 

 Oregon State University, College of Earth, Ocean and Atmospheric Sciences 

 Ocean Observatories Initiative 

 NOAA National Ocean Data Center 

 National Data Buoy Center 

 University of Washington’s Oceanic Remote Chemical Analyzer (ORCA) Group 

 Northwest Association of Networked Ocean Observing Systems (NANOOS)  

 Integrated Ocean Observing System 

 Global Ocean Acidification Observing Network 

 

 

Oregon should obtain and evaluate data on all relevant parameters of ocean acidification that are 

available from these and other sources including it its own water quality database. Coastal and 

estuarine ocean acidification parameters were not considered for the most part in the last Integral 

Report. Thus Oregon should seek, analyze, and discuss data on water quality parameters relevant 

to ocean acidification.  

 

 

http://www.pmel.noaa.gov/
http://www.pmel.noaa.gov/co2/story/Volunteer+Observing+Ships+%28VOS%29
http://www.ceoas.oregonstate.edu/
http://oceanobservatories.org/site/ce01issm/
http://oceanobservatories.org/site/ce01issm/
https://www.nodc.noaa.gov/
http://www.ndbc.noaa.gov/obs.shtml
http://orca.ocean.washington.edu/data.html
http://nvs.nanoos.org/Explorer
http://www.ioos.noaa.gov/data/welcome.html
http://www.goa-on.org/
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6. Conclusion  

The Center urges the state of Oregon and the EPA to include ocean acidification as water quality 

issue and to include water quality objectives for pH that avoid harmful biological impacts in the 

upcoming integrated report. Even though most pH values of marine waters in Oregon may fall 

within the ranges attaining pH numeric standards for the state, some water bodies are too acidic 

which harm calcifying organisms such as oysters. Scientific evidence over the past decade 

clearly shows that marine waters of Oregon are becoming more acidic, negatively affecting the 

growth and survival of important calcifying coastal and estuarine species. It is imperative that 

Oregon and the EPA take concern and action now on ocean acidification to address this 

increasingly important water quality problem before it has devastating consequences on coastal 

and estuarine ecosystems. Delaying action could make future management strategies 

substantially less effective and likely more costly. Minimizing or preventing additional local 

stressors on coastal ecosystems such as nutrient inputs associated with coastal development and 

urbanization can ameliorate the compounding threats of ocean acidification. In estuarine waters, 

natural factors such as freshwater inputs, restricted circulation, and hypoxic conditions can 

amplify the effects of anthropogenic carbon dioxide deposition and nutrients inputs and 

predispose these ecologically and economically important habitat to corrosive waters. The 

actions that Oregon can take now based on the best available science would ameliorate the 

negative effects of ocean acidification. Inaction on ocean acidification will result in drastic 

biological, ecological and socioeconomic negative effects that will be more severe in coastal and 

estuarine environments compromising sensitive species, ecosystem services and the human 

populations that rely on them.  

 

Please contact me if you require further information or have questions. 

 

Sincerely,  

 

 

 

.................................................... 

Abel Valdivia, PhD 

Ocean Scientist  |  Oceans Program 

CENTER for BIOLOGICAL DIVERSITY 

1212 Broadway, Oakland, CA 94612 

Email: avaldivia@biologicaldiversity.org 

Office: 510-844-7103 

 

 

mailto:avaldivia@biologicaldiversity.org


23 

 

7. Literature cited* 
*All references were sent in a CD with a hard copy of this letter and associated data.  

 

Albright, R., L. Caldeira, J. Hosfelt, L. Kwiatkowski, J. K. Maclaren, B. M. Mason, Y. 

Nebuchina, A. Ninokawa, J. Pongratz, K. L. Ricke, T. Rivlin, K. Schneider, M. Sesboüé, 

K. Shamberger, J. Silverman, K. Wolfe, K. Zhu, and K. Caldeira. 2016. Reversal of 

ocean acidification enhances net coral reef calcification. Nature 531:362–365. 

Armstrong, J. L., J. L. Boldt, A. D. Cross, J. H. Moss, N. D. Davis, K. W. Myers, R. V. Walker, 

D. A. Beauchamp, and L. J. Haldorson. 2005. Distribution, size, and interannual, seasonal 

and diel food habits of northern Gulf of Alaska juvenile pink salmon, Oncorhynchus 

gorbuscha. Deep Sea Research Part II: Topical Studies in Oceanography 52:247–265. 

Aydin, K. Y., G. A. McFarlane, J. R. King, B. A. Megrey, and K. W. Myers. 2005. Linking 

oceanic food webs to coastal production and growth rates of Pacific salmon 

(Oncorhynchus spp.), using models on three scales. Deep Sea Research Part II: Topical 

Studies in Oceanography 52:757–780. 

Ayres, D. 2015. South coast of Washington closed to crab fishing. 

http://wdfw.wa.gov/news/jun0515a/. 

Bakun, A. 1990. Global Climate Change and Intensification of Coastal Ocean Upwelling. 

Science 247:198–201. 

Barton, A., B. Hales, G. G. Waldbusser, C. Langdon, and R. A. Feely. 2012. The Pacific oyster, 

Crassostrea gigas, shows negative correlation to naturally elevated carbon dioxide levels: 

Implications for near-term ocean acidification effects. Limnology and Oceanography 

57:698–710. 

Barton, A., G. Waldbusser, R. Feely, S. Weisberg, J. Newton, B. Hales, S. Cudd, B. Eudeline, C. 

Langdon, I. Jefferds, T. King, A. Suhrbier, and K. McLauglin. 2015. Impacts of Coastal 

Acidification on the Pacific Northwest Shellfish Industry and Adaptation Strategies 

Implemented in Response. Oceanography 25:146–159. 

Bednaršek, N., R. A. Feely, J. C. P. Reum, B. Peterson, J. Menkel, S. R. Alin, and B. Hales. 

2014. Limacina helicina shell dissolution as an indicator of declining habitat suitability 

owing to ocean acidification in the California Current Ecosystem. Proceedings of the 

Royal Society of London B: Biological Sciences 281:20140123. 

Bednaršek, N., C. J. Harvey, I. C. Kaplan, R. A. Feely, and J. Možina. 2016. Pteropods on the 

Edge: Cumulative Effects of Ocean Acidification, Warming, and Deoxygenation. 

Progress in Oceanography. 

Bednaršek, N., T. Klinger, C. J. Harvey, S. Weisberg, R. M. McCabe, R. A. Feely, J. Newton, 

and N. Tolimieri. 2017. New ocean, new needs: Application of pteropod shell dissolution 

as a biological indicator for marine resource management. Ecological Indicators 76:240–

244. 

Bednaršek, N., and M. Ohman. 2015. Changes in pteropod distributions and shell dissolution 

across a frontal system in the California Current System. Marine Ecology Progress Series 

523:93–103. 

Bednaršek, N., G. A. Tarling, D. C. E. Bakker, S. Fielding, E. M. Jones, H. J. Venables, P. Ward, 

A. Kuzirian, B. Lézé, R. A. Feely, and others. 2012. Extensive dissolution of live 

pteropods in the Southern Ocean. Nature Geoscience 5:881–885. 



24 

 

Biscéré, T., R. Rodolfo-Metalpa, A. Lorrain, L. Chauvaud, J. Thébault, J. Clavier, and F. 

Houlbrèque. 2015. Responses of Two Scleractinian Corals to Cobalt Pollution and Ocean 

Acidification. PLoS ONE 10:e0122898. 

Brodeur, R. A., E. A. Daly, M. V. Sturdevant, T. W. Miller, J. H. Moss, M. E. Thiess, M. Trudel, 

L. A. Weitkamp, J. Armstrong, and E. C. Norton. 2007. Regional comparisons of juvenile 

salmon feeding in coastal marine waters off the west coast of North America. Page 183 

American Fisheries Society Symposium. American Fisheries Society. 

Brodeur, R. D., H. V. Lorz, and W. G. Pearcy. 1987. Food habits and dietary variability of 

pelagic nekton off Oregon and Washington, 1979-1984. US Department of Commerce, 

National Oceanic and Atmospheric Administration, National Marine Fisheries Service. 

Cai, W.-J., X. Hu, W.-J. Huang, M. C. Murrell, J. C. Lehrter, S. E. Lohrenz, W.-C. Chou, W. 

Zhai, J. T. Hollibaugh, Y. Wang, P. Zhao, X. Guo, K. Gundersen, M. Dai, and G.-C. 

Gong. 2011. Acidification of subsurface coastal waters enhanced by eutrophication. 

Nature Geoscience 4:766–770. 

Campbell, A., and S. Mangan. 2014. Ocean Acidification Increases Copper Toxicity to the Early 

Life History Stages of the Polychaete Arenicola marina in Artificial Seawater. 

Environmental science & …. 

Cao, L., and K. Caldeira. 2008. Atmospheric CO 2 stabilization and ocean acidification. 

Geophysical Research Letters 35. 

Carter, B. R., R. A. Feely, S. Mecking, J. N. Cross, A. M. Macdonald, S. A. Siedlecki, L. D. 

Talley, C. L. Sabine, F. J. Millero, J. H. Swift, and others. 2017. Two decades of Pacific 

anthropogenic carbon storage and ocean acidification along Global Ocean Ship-based 

Hydrographic Investigations Program sections P16 and P02. Global Biogeochemical 

Cycles. 

Chan, F., A. . Boehm, J. . Barth, E. A. Chronesky, A. G. Dickson, R. A. Feely, B. Hales, T. M. 

Hill, G. Hofmann, D. Ianson, T. Klinger, J. Newton, T. F. Pedersen, G. N. Somero, J. L. 

Largier, M. Sutula, W. W. Wakefield, G. G. Waldbusser, S. Weisberg, and E. Whiteman. 

2016. The West Coast  Ocean Acidification and Hypoxia Science Panel: Major Findings, 

Recommendations, and  ctions. Page 40. California Ocean Science Trust, Oakland, 

California. 

Cheung, W. W. L., V. W. Y. Lam, J. L. Sarmiento, K. Kearney, R. Watson, and D. Pauly. 2009. 

Projecting global marine biodiversity impacts under climate change scenarios. Fish and 

Fisheries 10:235–251. 

Comeau, S., J.-P. Gattuso, A.-M. Nisumaa, and J. Orr. 2012. Impact of aragonite saturation state 

changes on migratory pteropods. Proceedings of the Royal Society of London B: 

Biological Sciences 279:732–738. 

Cooley, S. R., and S. C. Doney. 2009. Anticipating ocean acidification’s economic consequences 

for commercial fisheries. Environmental Research Letters 4:024007. 

Couce, E., A. Ridgwell, and E. J. Hendy. 2013. Future habitat suitability for coral reef 

ecosystems under global warming and ocean acidification. Global Change Biology 

19:3592–3606. 

Dentener, F., J. Drevet, D. Stevenson, K. Ellingsen, T. Van Noije, M. Schultz, C. Atherton, N. 

Bell, T. Butler, B. Eickhout, and others. 2006. Nitrogen and Sulfur Deposition on 

Regional and Global Scales: a Multi-model Evaluation. Understanding and Quantifying 

the Atmospheric Nitrogen Cycle:161. 



25 

 

Dixson, D. L., P. L. Munday, and G. P. Jones. 2010. Ocean acidification disrupts the innate 

ability of fish to detect predator olfactory cues. Ecology Letters 13:68–75. 

Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas. 2009. Ocean Acidification: The Other 

CO 2 Problem. Annual Review of Marine Science 1:169–192. 

Doney, S. C., N. Mahowald, I. Lima, R. A. Feely, F. T. Mackenzie, J.-F. Lamarque, and P. J. 

Rasch. 2007. Impact of anthropogenic atmospheric nitrogen and sulfur deposition on 

ocean acidification and the inorganic carbon system. Proceedings of the National 

Academy of Sciences 104:14580–14585. 

Doubleday, A. J., and R. R. Hopcroft. 2015. Interannual patterns during spring and late summer 

of larvaceans and pteropods in the coastal Gulf of Alaska, and their relationship to pink 

salmon survival. Journal of Plankton Research 37:134–150. 

Duarte, C. M., I. E. Hendriks, T. S. Moore, Y. S. Olsen, A. Steckbauer, L. Ramajo, J. Carstensen, 

J. A. Trotter, and M. McCulloch. 2013. Is Ocean Acidification an Open-Ocean 

Syndrome? Understanding Anthropogenic Impacts on Seawater pH. Estuaries and Coasts 

36:221–236. 

Ekstrom, J. A., L. Suatoni, S. R. Cooley, L. H. Pendleton, G. G. Waldbusser, J. E. Cinner, J. 

Ritter, C. Langdon, R. van Hooidonk, D. Gledhill, K. Wellman, M. W. Beck, L. M. 

Brander, D. Rittschof, C. Doherty, P. E. T. Edwards, and R. Portela. 2015. Vulnerability 

and adaptation of US shellfisheries to ocean acidification. Nature Climate Change 5:207–

214. 

EPA. 2010. Integrated reporting and listing decisions related to ocean acidification. Page 16. 

Memorandum, US Environmental Protection Agency, Washington DC. 

Fabry, V. J., B. A. Seibel, R. A. Feely, and J. C. Orr. 2008. Impacts of ocean acidification on 

marine fauna and ecosystem processes. ICES Journal of Marine Science: Journal du 

Conseil 65:414–432. 

Feely, R. A., S. R. Alin, B. Carter, N. Bednaršek, B. Hales, F. Chan, T. M. Hill, B. Gaylord, E. 

Sanford, R. H. Byrne, C. L. Sabine, D. Greeley, and L. Juranek. 2016. Chemical and 

biological impacts of ocean acidification along the west coast of North America. 

Estuarine, Coastal and Shelf Science. 

Feely, R. A., S. R. Alin, J. Newton, C. L. Sabine, M. Warner, A. Devol, C. Krembs, and C. 

Maloy. 2010. The combined effects of ocean acidification, mixing, and respiration on pH 

and carbonate saturation in an urbanized estuary. Estuarine, Coastal and Shelf Science 

88:442–449. 

Feely, R. A., C. L. Sabine, R. H. Byrne, F. J. Millero, A. G. Dickson, R. Wanninkhof, A. Murata, 

L. A. Miller, and D. Greeley. 2012. Decadal changes in the aragonite and calcite 

saturation state of the Pacific Ocean. Global Biogeochemical Cycles 26:GB3001. 

Feely, R. A., C. L. Sabine, J. M. Hernandez-Ayon, D. Ianson, and B. Hales. 2008. Evidence for 

upwelling of corrosive “acidified” water onto the continental shelf. Science 320:1490–

1492. 

Feely, R. A., C. L. Sabine, K. Lee, W. Berelson, J. Kleypas, V. J. Fabry, and F. J. Millero. 2004. 

Impact of anthropogenic CO2 on the CaCO3 system in the oceans. Science 305:362–366. 

Feely, R., S. Alin, B. Carter, and N. Bednarsek. 2017. Determination of the Anthropogenic 

Carbon Signal in the Coastal Upwelling Region Along the Washington-Oregon-

California Continental Margin. Salish Sea Ecosystem Conference. 

Feely, R., S. Doney, and S. Cooley. 2009. Ocean Acidification: Present Conditions and Future 

Changes in a High-CO2 World. Oceanography 22:36–47. 



26 

 

Ferrari, M. C. O., R. P. Manassa, D. L. Dixson, P. L. Munday, M. I. McCormick, M. G. Meekan, 

A. Sih, and D. P. Chivers. 2012. Effects of Ocean Acidification on Learning in Coral 

Reef Fishes. PLoS ONE 7:e31478. 

Flynn, K. J., D. R. Clark, A. Mitra, H. Fabian, P. J. Hansen, P. M. Glibert, G. L. Wheeler, D. K. 

Stoecker, J. C. Blackford, and C. Brownlee. 2015. Ocean acidification with 

(de)eutrophication will alter future phytoplankton growth and succession. Proceedings of 

the Royal Society of London B: Biological Sciences 282:20142604. 

Fu, F., A. Tatters, and D. Hutchins. 2012. Global change and the future of harmful algal blooms 

in the ocean. Marine Ecology Progress Series 470:207–233. 

Gazeau, F., L. M. Parker, S. Comeau, J.-P. Gattuso, W. A. O’Connor, S. Martin, H.-O. Pörtner, 

and P. M. Ross. 2013. Impacts of ocean acidification on marine shelled molluscs. Marine 

Biology 160:2207–2245. 

Gruber, N., C. Hauri, Z. Lachkar, D. Loher, T. L. Frölicher, and G.-K. Plattner. 2012. Rapid 

Progression of Ocean Acidification in the California Current System. Science 337:220–

223. 

Haigh, R., D. Ianson, C. A. Holt, H. E. Neate, and A. M. Edwards. 2015. Effects of Ocean 

Acidification on Temperate Coastal Marine Ecosystems and Fisheries in the Northeast 

Pacific. PLoS ONE 10:e0117533. 

Hallegraeff, G. M. 2010. Ocean Climate Change, Phytoplankton Community Responses, and 

Harmful Algal Blooms: A Formidable Predictive Challenge1. Journal of Phycology 

46:220–235. 

Hauri, C., N. Gruber, G.-K. Plattner, S. Alin, R. A. Feely, B. Hales, and P. A. Wheeler. 2009. 

Ocean Acidification in the California Current System. Oceanography. 

Hauri, C., N. Gruber, M. Vogt, S. C. Doney, R. A. Feely, Z. Lachkar, A. Leinweber, A. M. P. 

McDonnell, M. Munnich, and G.-K. Plattner. 2013. Spatiotemporal variability and long-

term trends of ocean acidification in the California Current System. Biogeosciences 

10:193–216. 

Hendriks, I. E., C. M. Duarte, and M. Álvarez. 2010. Vulnerability of marine biodiversity to 

ocean acidification: A meta-analysis. Estuarine, Coastal and Shelf Science 86:157–164. 

Hettinger, A., E. Sanford, T. M. Hill, J. D. Hosfelt, A. D. Russell, and B. Gaylord. 2013a. The 

influence of food supply on the response of Olympia oyster larvae to ocean acidification. 

Biogeosciences 10:6629–6638. 

Hettinger, A., E. Sanford, T. M. Hill, E. A. Lenz, A. D. Russell, and B. Gaylord. 2013b. Larval 

carry-over effects from ocean acidification persist in the natural environment. Global 

Change Biology 19:3317–3326. 

Hettinger, A., E. Sanford, T. M. Hill, A. D. Russell, K. N. S. Sato, J. Hoey, M. Forsch, H. N. 

Page, and B. Gaylord. 2012. Persistent carry-over effects of planktonic exposure to ocean 

acidification in the Olympia oyster. Ecology 93:2758–2768. 

Hoegh-Guldberg, O. 2007. Coral reefs under rapid climate change and ocean acidification. 

Science 318:1737–1742. 

Hofmann, G. E., J. P. Barry, P. J. Edmunds, R. D. Gates, D. A. Hutchins, T. Klinger, and M. A. 

Sewell. 2010. The Effect of Ocean Acidification on Calcifying Organisms in Marine 

Ecosystems: An Organism-to-Ecosystem Perspective. Annual Review of Ecology, 

Evolution, and Systematics 41:127–147. 

Ishimatsu, A., T. Kikkawa, M. Hayashi, K.-S. Lee, and J. Kita. 2004. Effects of CO2 on marine 

fish: larvae and adults. Journal of oceanography 60:731–741. 



27 

 

Kelly, R. P., M. M. Foley, W. S. Fisher, R. A. Feely, B. S. Halpern, G. G. Waldbusser, and M. R. 

Caldwell. 2011. Mitigating local causes of ocean acidification with existing laws. Science 

332:1036–1037. 

Kemp, W. M., W. R. Boynton, J. E. Adolf, D. F. Boesch, W. C. Boicourt, G. Brush, J. C. 

Cornwell, T. R. Fisher, P. M. Glibert, J. D. Hagy, and others. 2005. Eutrophication of 

Chesapeake Bay: historical trends and ecological interactions. Marine Ecology Progress 

Series 303:1–29. 

Kroeker, K. J., R. L. Kordas, R. Crim, I. E. Hendriks, L. Ramajo, G. S. Singh, C. M. Duarte, and 

J.-P. Gattuso. 2013. Impacts of ocean acidification on marine organisms: quantifying 

sensitivities and interaction with warming. Global Change Biology 19:1884–1896. 

Lannig, G., S. Eilers, H. O. Pörtner, I. M. Sokolova, and C. Bock. 2010. Impact of Ocean 

Acidification on Energy Metabolism of Oyster, Crassostrea gigas—Changes in Metabolic 

Pathways and Thermal Response. Marine Drugs 8:2318–2339. 

Lebrato, M., A. J. Andersson, J. B. Ries, R. B. Aronson, M. D. Lamare, W. Koeve, A. Oschlies, 

M. D. Iglesias-Rodriguez, S. Thatje, M. Amsler, S. C. Vos, D. O. B. Jones, H. A. Ruhl, 

A. R. Gates, and J. B. McClintock. 2016. Benthic marine calcifiers coexist with CaCO33 

-undersaturated seawater worldwide. Global Biogeochemical Cycles. 

Lewis, C., R. P. Ellis, E. Vernon, K. Elliot, S. Newbatt, and R. W. Wilson. 2016. Ocean 

acidification increases copper toxicity differentially in two key marine invertebrates with 

distinct acid-base responses. Scientific Reports 6. 

Linares, C., M. Vidal, M. Canals, D. K. Kersting, D. Amblas, E. Aspillaga, E. Cebrián, A. 

Delgado-Huertas, D. Díaz, J. Garrabou, B. Hereu, L. Navarro, N. Teixidó, and E. 

Ballesteros. 2015. Persistent natural acidification drives major distribution shifts in 

marine benthic ecosystems. Proc. R. Soc. B 282:20150587. 

Lischka, S., and U. Riebesell. 2012. Synergistic effects of ocean acidification and warming on 

overwintering pteropods in the Arctic. Global Change Biology 18:3517–3528. 

Mackas, D. L., and M. D. Galbraith. 2012. Pteropod time-series from the NE Pacific. ICES 

Journal of Marine Science: Journal du Conseil 69:448–459. 

McLaughlin, K., S. Weisberg, A. Dickson, G. Hofmann, J. Newton, D. Aseltine-Neilson, A. 

Barton, S. Cudd, R. Feely, I. Jefferds, E. Jewett, T. King, C. Langdon, S. McAfee, D. 

Pleschner-Steele, and B. Steele. 2015. Core Principles of the California Current 

Acidification Network: Linking Chemistry, Physics, and Ecological Effects. 

Oceanography 25:160–169. 

Melzner, F., J. Thomsen, W. Koeve, A. Oschlies, M. A. Gutowska, H. W. Bange, H. P. Hansen, 

and A. Körtzinger. 2012. Future ocean acidification will be amplified by hypoxia in 

coastal habitats. Marine Biology 160:1875–1888. 

Nagelkerken, I., and S. D. Connell. 2015. Global alteration of ocean ecosystem functioning due 

to increasing human CO2 emissions. Proceedings of the National Academy of 

Sciences:201510856. 

Newell, R. I. 2004. Ecosystem influences of natural and cultivated populations of suspension-

feeding bivalve molluscs: a review. Journal of Shellfish Research 23:51–62. 

NOAA Fisheries. 2015. NOAA Fisheries mobilizes to gauge unprecedented West Coast toxic 

algal bloom. 

http://www.nwfsc.noaa.gov/news/features/west_coast_algal_bloom/index.cf. 

Orr, J. C., V. J. Fabry, O. Aumont, L. Bopp, S. C. Doney, R. A. Feely, A. Gnanadesikan, N. 

Gruber, A. Ishida, F. Joos, R. M. Key, K. Lindsay, E. Maier-Reimer, R. Matear, P. 



28 

 

Monfray, A. Mouchet, R. G. Najjar, G.-K. Plattner, K. B. Rodgers, C. L. Sabine, J. L. 

Sarmiento, R. Schlitzer, R. D. Slater, I. J. Totterdell, M.-F. Weirig, Y. Yamanaka, and A. 

Yool. 2005. Anthropogenic ocean acidification over the twenty-first century and its 

impact on calcifying organisms. Nature 437:681–686. 

Pandolfi, J. M., S. R. Connolly, D. J. Marshall, and A. L. Cohen. 2011. Projecting coral reef 

futures under global warming and ocean acidification. Science 333:418–422. 

Parker, L. M., P. M. Ross, and W. A. O’connor. 2009. The effect of ocean acidification and 

temperature on the fertilization and embryonic development of the Sydney rock oyster 

Saccostrea glomerata (Gould 1850). Global Change Biology 15:2123–2136. 

Parker, L. M., P. M. Ross, W. A. O’Connor, L. Borysko, D. A. Raftos, and H.-O. Pörtner. 2012. 

Adult exposure influences offspring response to ocean acidification in oysters. Global 

Change Biology 18:82–92. 

Pörtner, H.-O. 2008. Ecosystem effects of ocean acidification in times of ocean warming: a 

physiologist’s view. Mar Ecol Prog Ser 373:203–217. 

Ries, J. B. 2010. Review: geological and experimental evidence for secular variation in seawater 

Mg/Ca (calcite-aragonite seas) and its effects on marine biological calcification. 

Biogeosciences 7:2795–2849. 

Ries, J. B., A. L. Cohen, and D. C. McCorkle. 2009. Marine calcifiers exhibit mixed responses to 

CO2-induced ocean acidification. Geology 37:1131–1134. 

Rykaczewski, R. R., and D. M. Checkley. 2008. Influence of ocean winds on the pelagic 

ecosystem in upwelling regions. Proceedings of the National Academy of Sciences 

105:1965–1970. 

Salisbury, J., M. Green, C. Hunt, and J. Campbell. 2008. Coastal Acidification by Rivers:A 

Threat to Shellfish? Eos, Transactions American Geophysical Union 89:513–513. 

Snyder, M. A., L. C. Sloan, N. S. Diffenbaugh, and J. L. Bell. 2003. Future climate change and 

upwelling in the California Current. Geophysical Research Letters 30:1823. 

Sun, J., D. A. Hutchins, Y. Feng, E. L. Seubert, D. A. Caron, and F.-X. Fu. 2011. Effects of 

changing p CO 2 and phosphate availability on domoic acid production and physiology of 

the marine harmful bloom diatom Pseudo-nitzschia multiseries. Limnology and 

Oceanography 56:829–840. 

Sunday, J. M., K. E. Fabricius, K. J. Kroeker, K. M. Anderson, N. E. Brown, J. P. Barry, S. D. 

Connell, S. Dupont, B. Gaylord, J. M. Hall-Spencer, and others. 2017. Ocean 

acidification can mediate biodiversity shifts by changing biogenic habitat. Nature Climate 

Change 7:81–85. 

Sydeman, W. J., M. García-Reyes, D. S. Schoeman, R. R. Rykaczewski, S. A. Thompson, B. A. 

Black, and S. J. Bograd. 2014. Climate change and wind intensification in coastal 

upwelling ecosystems. Science 345:77–80. 

Takeshita, Y., C. A. Frieder, T. R. Martz, J. R. Ballard, R. A. Feely, S. Kram, S. Nam, M. O. 

Navarro, N. N. Price, and J. E. Smith. 2015. Including high-frequency variability in 

coastal ocean acidification projections. Biogeosciences 12:5853–5870. 

Tatters, A. O., L. J. Flewelling, F. Fu, A. A. Granholm, and D. A. Hutchins. 2013. High CO2 

promotes the production of paralytic shellfish poisoning toxins by Alexandrium catenella 

from Southern California waters. Harmful Algae 30:37–43. 

Tatters, A. O., F.-X. Fu, and D. A. Hutchins. 2012. High CO2 and Silicate Limitation 

Synergistically Increase the Toxicity of Pseudo-nitzschia fraudulenta. PLoS ONE 

7:e32116. 



29 

 

Timmins-Schiffman, E., M. J. O’Donnell, C. S. Friedman, and S. B. Roberts. 2012. Elevated 

pCO2 causes developmental delay in early larval Pacific oysters, Crassostrea gigas. 

Marine Biology 160:1973–1982. 

Turi, G., Z. Lachkar, N. Gruber, and M. Münnich. 2016. Climatic modulation of recent trends in 

ocean acidification in the California Current System. Environmental Research Letters 

11:014007. 

Waldbusser, G. G., M. W. Gray, B. Hales, C. J. Langdon, B. A. Haley, I. Gimenez, S. R. Smith, 

E. L. Brunner, and G. Hutchinson. 2016. Slow shell building, a possible trait for 

resistance to the effects of acute ocean acidification. Limnology and Oceanography 

61:1969–1983. 

Waldbusser, G. G., B. Hales, C. J. Langdon, B. A. Haley, P. Schrader, E. L. Brunner, M. W. 

Gray, C. A. Miller, and I. Gimenez. 2015a. Saturation-state sensitivity of marine bivalve 

larvae to ocean acidification. Nature Climate Change 5:273–280. 

Waldbusser, G. G., B. Hales, C. J. Langdon, B. A. Haley, P. Schrader, E. L. Brunner, M. W. 

Gray, C. A. Miller, I. Gimenez, and G. Hutchinson. 2015b. Ocean Acidification Has 

Multiple Modes of Action on Bivalve Larvae. PLOS ONE 10:e0128376. 

Waldbusser, G. G., and J. E. Salisbury. 2014. Ocean Acidification in the Coastal Zone from an 

Organism’s Perspective: Multiple System Parameters, Frequency Domains, and Habitats. 

Annual Review of Marine Science 6:221–247. 

Waldbusser, G. G., E. P. Voigt, H. Bergschneider, M. A. Green, and R. I. E. Newell. 2011. 

Biocalcification in the Eastern oyster (Crassostrea virginica) in relation to long-term 

trends in chesapeake bay ph. Estuaries and Coasts 34:221–231. 

Wall-Palmer, D., C. W. Smart, and M. B. Hart. 2013. In-life pteropod shell dissolution as an 

indicator of past ocean carbonate saturation. Quaternary Science Reviews 81:29–34. 

Washington State Blue Ribbon Panel on Ocean Acidification. 2012. Ocean Acidification: From 

Knowledge to Action. Washington State’s Strategic Response. Washington Department 

of Ecology, Olympia, Washington. 

WCOAHP. 2015a. Multiple stressor considerations: ocean acidification in a deoxygenating 

ocean  and warming climate. Page 7. West Coast Ocean Acidification and Hypoxia 

Science Pane, Oakland, California. 

WCOAHP. 2015b. Multiple stressor considerations: ocean acidification in a deoxygenating 

ocean  and warming climate. Page 7. West Coast Ocean Acidification and Hypoxia 

Science Pane, Oakland, California. 

Weisberg, S. B., N. Bednaršek, R. A. Feely, F. Chan, A. B. Boehm, M. Sutula, J. L. Ruesink, B. 

Hales, J. L. Largier, and J. A. Newton. 2016. Water quality criteria for an acidifying 

ocean: Challenges and opportunities for improvement. Ocean & Coastal Management 

126:31–41. 

Wittmann, A. C., and H.-O. Pörtner. 2013. Sensitivities of extant animal taxa to ocean 

acidification. Nature Climate Change 3:995–1001. 

Wu, Y., D. A. Campbell, A. J. Irwin, D. J. Suggett, and Z. V. Finkel. 2014a. Ocean acidification 

enhances the growth rate of larger diatoms. Limnology and Oceanography 59:1027–

1034. 

Wu, Y., D. A. Campbell, A. J. Irwin, D. J. Suggett, and Z. V. Finkel. 2014b. Ocean acidification 

enhances the growth rate of larger diatoms. Limnology and Oceanography 59:1027–

1034. 



30 

 

Yang, Y., L. Hansson, and J.-P. Gattuso. 2016. Data compilation on the biological response to 

ocean acidification: an update. Earth System Science Data 8:79–87. 

 


